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ABSTRACT: In this study, a new and pragmatic methodology has been
developed to accurately predict the viscosity for light solvents (i.e., methane,
ethane, propane, n-butane, n-pentane, N2, and CO2)−heavy oil/bitumen/
water systems as a function of pressure in the temperature range of 287.9−
463.4 K. The LV and ALV (L is the oleic phase, V is the vapor phase, and A
is the aqueous phase) phase equilibria of the aforementioned systems are
calculated using the Peng−Robinson equation of state (PR EOS) with
modified alpha functions and binary interaction parameters (BIPs). The six
widely used mixing rules for predicting viscosity of solvents−heavy oil/
bitumen systems pertaining to vapor−liquid equilibria are compared and
evaluated, while the linear mixing rule is used for hydrocarbons−water
mixtures. Plus, effective density is for the first time successfully introduced
into the volume-based mixing rules. The volume-based power law, weight-
based power law, and weight-based Cragoe’s mixing rules are found to well
reproduce the viscosity for the aforementioned systems with AARDs of 15.5%, 19.0%, and 32.6%, respectively. Effective density
rather than real density of dissolved gas(es) should be used for all of the volume-based mixing rules, while the adjustable
parameter in the power law mixing rule has a potential to achieve high generalization if adequate measurements are made
available. Although water has a lower diluting ability than other solvents in the same amount of dissolution, it can outperform
methane and CO2 in diluting heavy oil/bitumen at high temperatures due to its high solubility. Addition of water can reduce or
increase the viscosity of a solvents−heavy oil/bitumen mixture, depending on the ability of solvents and water to dilute heavy
oil/bitumen and effects of water on the solvent dissolution. Water molar fraction in feed can exert an effect on the mixture
viscosity in LV equilibria through affecting the solvent dissolution but cannot impose an impact on the mixture viscosity at ALV
equilibria.
1. INTRODUCTION
Production of heavy oil/bitumen becomes increasingly
important when conventional oil reserves available for
development are depleting. Solvent injection/thermal pro-
cesses which are used to enhance heavy oil/bitumen recovery,
e.g., vapor extraction (VAPEX),1 cyclic solvent injection
(CSI),2 steam assisted gravity drainage (SAGD),3 steam
injection,4 and expanding-solvent SAGD (ES-SAGD) pro-
cesses,5 have been widely studied in laboratory and applied in
various oilfields. Viscosity reduction due to solvent dissolu-
tion/heat transfer is the major mechanism of the aforemen-
tioned processes to enhance heavy oil/bitumen production1,6,7
because such oil with a significant reduction in viscosity can
flow much more easily in porous media.8,9 Thus, it is of
fundamental and practical importance to accurately predict the
heavy oil/bitumen viscosity diluted with solvents/water, while
they are frequently injected as viscosity reducer and heat
carriers.
Numerous models have been proposed to predict the
viscosity for light oils or those of solvents−light oil mixtures
but much less for solvent/heavy oil/bitumen systems. Such
viscosity models can be divided into three categories:
Correlations,10,11 mixing rules,12 and theory-based models
(e.g., corresponding states (CS) model,13 friction theory ( f-
theory),14,15 and free-volume theory (FVT)16). Although the
theory-based models are more theoretically sound, they are
much more complicated than those simple correlations/mixing
rules, which limits their extensive applications in practice. This
is especially true for heavy oil/bitumen-containing mixtures
due to the fact that heavy oils/bitumens have very complicated
compositions and structures to not only make their accurate
characterization difficult but also increase the corresponding
uncertainties in viscosity modeling.17 On the contrary, simple
correlations/mixing rules are very convenient to use and thus
they have been extensively used in field applications.18 The
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main drawbacks of such correlations/mixing rules are that they
may yield a large deviation for the predicted viscosity and they
are usually used for a specific sample/mixture under certain
conditions.19 This is especially true for correlations as
functions of temperature, pressure, or other parameters such
as molecular weight because the coefficients must be retuned
for a new sample or mixtures.20 Still, some simple mixing rules
with one or without any adjustable parameters are found to be
sufficiently accurate for estimating viscosities for heavy alkane/
toluene−heavy oil/bitumen mixtures under a wide range of
conditions.6,7,21−23 Previous studies in this regard mainly
focused on heavy oil/bitumen viscosity diluted with heavy
alkanes with carbon number larger than 5 where a single liquid
phase is achieved because of the high solubility of such
solvents.21−23 However, such heavy alkanes are found to be too
expensive to be applied in oilfields (a single phase is also
difficult to achieve under real field conditions) especially when
they are in liquid states, while a vapor−liquid equilibrium with
a lighter solvent such as propane is more commonly countered
in practice.5,24−26 Thus, it is desirable to accurately predict the
viscosity of light solvents−heavy oil/bitumen mixtures with a
vapor−liquid equilibrium by using simple mixing rules if the
prediction accuracy can be increased significantly and a
generalization can be achieved. Also, water (it is frequently
countered in processes such as SAGD,3 ES-SAGD,5 and water-
alternating-gas (WAG)8) effects on the viscosity of solvent-
s−heavy oil/bitumen mixture cannot be ignored because its
solubility in such a mixture can be high at elevated
temperatures and obvious oil viscosity reduction can be
induced under such conditions.7,8 Thus, it is of significance to
include water in simple mixing rules to yield accurate viscosity
prediction for solvents−heavy oil/bitumen−water mixtures
and examine effects of solvents/water on the mixture viscosity
under different conditions.
In this study, six widely used mixing rules are evaluated and
compared to predict the viscosity for light solvents (i.e.,
methane, ethane, propane, n-butane, n-pentane, N2, and
CO2)−heavy oil/bitumen mixtures as a function of pressure
at vapor−liquid equilibria in the temperature range of 287.9−
463.4 K. The effective density of dissolved gas solvents is for
the first time successfully introduced into such mixing rules
which is in the volume-based form. The Peng−Robinson
equation of state (PR EOS) with modified alpha functions and
binary interaction parameters (BIPs) is used to calculate the
LV and ALV phase equilibria for solvents−heavy oil/bitumen−
water mixtures, while the linear mixing rule is used for
solvents−heavy oil/bitumen mixtures and water. Also, effects
of different solvents on reducing the viscosity of heavy oil/
bitumen systems are thoroughly compared with and without
consideration of solubility, while effects of water are system-
atically evaluated under different conditions.
2. EXPERIMENTAL DATABASE
In this study, measured viscosities of four different heavy oils/
bitumens and seven solvents (i.e., methane, ethane, propane, n-
butane, n-pentane, CO2, and N2) are collected from the
literature, while the physical properties of these heavy oils/
bitumens are tabulated in Table 1.20,27−29 The densities and
viscosities of such heavy oils/bitumens have been regressed as
a function of temperature and pressure, yielding AARDs within
1.0% and 8.4%, respectively.20,27−29 Detailed information for
the 258 measured viscosities for solvents−heavy oil/bitumen/
water systems19,29−34 can be found in Table 2 in a temperature
range of 287.9−463.4 K and a pressure range of 0.46−10.94
MPa, respectively. The range of the measured viscosities for
the corresponding mixtures is from 0.7 to 16 300.0 mPa·s.
Vapor phase always exists for the systems in Table 2 where the
measured mixture viscosity data are summarized. For
convenience, the aqueous phase which is mainly comprised
of liquid water is denoted as “A”; the heavy oil/bitumen-rich
liquid phase (i.e., oleic phase) which contains a large amount
of both heavy oil/bitumen and solvents is denoted as “L”; and
the vapor phase which is mainly composed of gaseous solvents
and/or steam is denoted as “V”. The LV equilibria can be
formed when the aqueous phase disappears due to the fact that
water is either dissolved into oleic phase or transformed to
vapor phase.
3. MATHEMATICAL FORMULATIONS
3.1. PR EOS. Although an equation of state (EOS) cannot
be directly used to predict viscosity, its calculation of oleic
phase composition is needed for calculating the mixture
viscosity associated with the mixing rules.19,21 PR EOS35 has
been widely used in the field of petroleum and chemical
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where α(Tr, ω) is the alpha function, which is the function of
both the reduced temperature Tr and the acentric factor ω, T is
the temperature, P is the pressure, V is the molar volume, R is
the universal gas constant, Tc is the critical temperature, and Pc
is the critical pressure.
A newly modified alpha function proposed by Chen and
Yang,36 which is found to more accurately predict the vapor
pressure for heavy hydrocarbon compounds by redefining the
Table 1. Physical Properties of Different Heavy Oils/Bitumens
heavy oil/bitumen sample Mw SG
a Pc, MPa Tc, K ω sources
Mackay River 513 1.000 1.037 1019.7 2.761 Zirrahi et al.27
Surmont 539 1.009 1.018 1035.6 2.819 Nourozieh et al.28
Senlac 419 0.969 1.135 959.2 2.481 Freitag and Kristoff29
Cold Lake 533 1.018 1.057 1040.9 2.803 Mehrotra and Svrcek20
aSpecific gravity.
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acentric factor at reduced temperature of 0.6, is adopted for





















(0.33730 0.26346 0.05297 )(1 )
1.01711 ln







In addition, a new alpha function special for water has been
developed for more accurately predicting the vapor pressure
for water in a wide temperature range of 273.16−647.10 K.37
With minor modifications, it can be expressed as follows:38





where Trw is the reduced temperature of water, c1 = 1.00000, c2
= 0.39222, c3 = 0.07294, and c4 = 0.00706, respectively.
For mixtures, the conventional van der Waals mixing rule is
used and expressed as follows:
∑ ∑ δ= −
= =
















where nc is the number of components of the mixture, yi and yj
are the mole fractions of the ith and jth component in the
mixture, respectively, and δij is the BIP between the ith and jth
component in the mixture.
3.2. Heavy Oil/Bitumen Characterization and BIPs. In
this study, each heavy oil/bitumen is treated as a single
pseudocomponent, while their properties are calculated using
the existing correlations.39 The detailed properties of the four
heavy oils/bitumens studied in this work are tabulated in Table
1. All of the properties for methane, ethane, propane, n-butane,
n-pentane, toluene, CO2, and water are obtained from the
CMG WinProp database40 except for their acentric factors.
The BIPs for solvent−heavy oil/bitumen pairs (denoted as
BIPsolvent−HO) are tuned to match the measured saturation
pressures or solvent solubilities in heavy oils/bitumens for all
the solvents−heavy oil/bitumen systems listed in Table 2.
Such tuned BIPsolvent−HO is directly used for calculating the
phase equilibria for the corresponding solvents−heavy oil/
bitumen−water systems. All of the calculations regarding the
acentric factors of different components/pseudocomponents
and BIPs except for BIPsolvent−HO can be found else-
where.38,41,42
In this study, the absolute average relative deviation
(AARD) is used as the objective function to evaluate the
prediction accuracy of the developed model in this work,

















where N is the number of measured data points, μi
cal is the
calculated oleic phase viscosity, and μi
exp is the measured oleic
phase viscosity. All of the calculations are performed with the
MatLab software (Version 2012).
3.3. Viscosity Mixing Rules. 3.3.1. Solvents−Heavy Oil/
Bitumen Systems. In this study, six widely used mixing rules
(i.e., Arrhenius’, Cragoe’s, Shu’s, Lobe’s, double log, and power
law mixing rules) are evaluated and compared to predict the
liquid phase viscosity for solvents−heavy oil/bitumen mixtures
at vapor−liquid equilibria. These mixing rules are written
respectively as follows:
(1) Arrhenius’ mixing rule:43
μ μ μ= −x xm s b
1s s (7a)
where μm is the viscosity of solvents−heavy oil/bitumen
mixtures, xs is the solvent molar fraction, and μs and μb are the
dynamic viscosities of solvent and heavy oil/bitumen,
respectively. It can also be expressed in the log-format as
follows:
μ μ μ= + −x xln ln (1 )lnm s s s b (7b)
(2) Power law mixing rule:44
μ μ μ= [ + − ]x x(1 )n n nm s s s b
1/
(8)
where n is an adjustable parameter. The power law model is
developed based on the Kendall model,44 where the mixture
viscosity is directly dependent on the molar fraction.











where ws is the solvent weight fraction.
(4) Lobe’s mixing rule:46
ν φν η φ φ ν η φ= +exp( ) exp( )m s s b b b b s s (10a)
where νm is the kinematic viscosity of solvents−heavy oil/
bitumen mixtures, φs and φb are the solvent and heavy oil/
bitumen volume fractions under ambient conditions, and νs
and νb are the kinematic viscosities of solvent and heavy oil/










































































where θ is an adjustable parameter in the range of 0 to 1, while
it is expressed as follows:
θ















where ρb and ρs are the heavy oil/bitumen and solvent
densities, respectively.
(6) Double-log mixing rule:48
μ μ
μ
[ + ] = [ + ] + −
[ + ]
w wln ln( 1) ln ln( 1) (1 )
ln ln( 1)
m s s s
b (12)
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3.3.2. Hydrocarbon−Water Systems. Glandt and Chap-
man6 recommended that the linear mixing rule be used for
heavy oil/bitumens−water systems, and it is used in this study
and expressed as follows for the systems in this work:
μ μ μ= +x xm HC HC w w (13)
where μm is the viscosity of solvents−heavy oil/bitumen−water
mixtures, xHC and μHC are the molar fraction and viscosity of
solvents−heavy oil/bitumen mixtures, and xw and μw are the
molar fraction and viscosity of water, respectively.
All of the viscosity and real density data of pure solvents and
water under different conditions are taken from the NIST
Chemistry WebBook.49
3.4. Effective Density. The density of a liquid mixture
with a dissolved gas can be calculated with the following























where ρm is the density of the liquid mixture, ws, wb, and wwater
are the weight fractions of dissolved gas, heavy oil/bitumen,
and water, respectively, and ρs
eff, ρb
eff, and ρwater
eff are the effective
densities (rather than real densities) of dissolved gas, heavy
oil/bitumen, and water, respectively. It is worthwhile noting
that the effective densities of heavy oil/bitumen and water are
equal to their real densities if they lie in the liquid state.
Both Tharanivasan et al.50 and Saryazdi51 have developed
correlations to calculate the effective densities for n-alkanes
from methane to n-heptane (i.e., the equivalent density of a
dissolved gas in heavy oil/bitumen) with the following format:
ρ = + + +a a T a a T P( )s
eff
1 2 3 4 (15)
where a1, a2, a3, and a4 are coefficients to be regressed, while
the correlations developed by Saryazdi51 are used for n-alkanes
in this study. Note that the pressure and temperature in eq 15
have the units of K and MPa, respectively. Such correlations
are found to well reproduce the density for bitumen diluted
with solvents.
For calculating the effective density of CO2, Tharanivasan et
al.50 developed a correlation expressed as follows:
ρ = − { ×





2334.9 exp( 0.003157 )exp 4.12 10







eff is the effective density of CO2, kg/m
3, and
temperature and pressure have the units of K and MPa,
respectively.
4. RESULTS AND DISCUSSION
4.1. Prediction Accuracy. Table 3 shows the AARDs with
different mixing rules for the predicted viscosities for solvents−
Surmont bitumen mixtures (measured data are taken from the
literature19−32). Note that the weight-based, volume-based,
Table 3. Comparisons among Different Mixing Rules for the Predicted Viscosities of Solvents−Surmont Bitumen Mixtures
AARD, %
volume-based
mixing rule weight-based effective density real density molar-based
Arrhenius 306.5 157.9a 86.5a 73.4
Cragoe 29.7 45.9 98.2 94.9




aA lower AARD with real density than that with effective density does not mean using real density is better because all of the predicted viscosity
with real density is much smaller than the measured one, and thus an overall AARD close to 100% is yielded. On the contrary, the high AARD (i.e.,
157.9%) with effective density is due to very high AARDs (it can be as high as 1800%) for a very small part of measured data (i.e., high viscosity
data for methane/CO2−bitumen mixtures), while most of the predictions with effective density are good.
Figure 1. Adjustable parameter n in the power law mixing rule in (a)
weight-based format and (b) volume-based format.
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and molar-based format are all evaluated for the Arrhenius’s,
Cragoe’s, and power law mixing rules, respectively. As can be
seen from the comparison, the weight-based and volume-based
power law, and weight-based Cragoe’s mixing rules are
obviously better than others with AARDs lower than 30.0%.
The double-log and volume-based Cragoe’s mixing rule are
worse than but next to the aforementioned mixing rules, while
some of the mixing rules such as the Arrhenius’s mixing rule
yield very large deviations. It is worthwhile noting that the
volume-based mixing rules with effective density for dissolved
gas are much more accurate than those with real densities. This
is also true for density predictions when choosing effective
density or real density for dissolved gas(es) to predict the
density for solvents−heavy oil/bitumen mixtures.19 This
indicates that the dissolved gas in heavy oil/bitumen should
be treated as liquid to some extent.
It is shown in the literature that both the weight-based and
volume-based power law mixing rules perform well for
predicting viscosities for n-pentane/n-hexane−bitumen mix-
tures where the solvents lie in the liquid state.21−23 The
adjustable parameter n in volume-based power law mixing rule
calculated by Nourozieh et al.22 and Gao et al.23 for n-hexane
diluted bitumens is −0.205 and −0.132, respectively, while the
n calculated in this work using effective and real density is
found to be −0.184 and +0.149, respectively. The adjustable
parameter with effective density in this work can be
comparable to those in the literature,22,23 whereas the one
with real density is greatly deviated from those in the
literature.22,23 This further illustrates that effective density
rather than real density of dissolved gases should be used in the
volume-based mixing rule. Also, the n in weight-based power
law mixing rule calculated by Nourozieh et al.22 and Gao et
al.23 for n-hexane diluted bitumens is −0.337 and −0.189,
respectively, each of which is also comparable to the calculated
one (i.e., −0.262) in this work. Regarding the Cragoe’s mixing
rule, both Nourozieh’s work21,22 and Gao’s work23 indicate
that the volume-based Gragoe’s mixing rule is accurate for n-
pentane/n-hexane/n-octane−bitumen mixtures. Nourozieth’s
work21,22 shows that the weight-based Gragoe’s mixing rule is
not accurate, whereas Gao’s work23 exhibits that it is accurate
for n-pentane/n-hexane/n-octane−bitumen mixtures. Similar
to Gao’s work,23 the weight-based Gragoe’s mixing rule also
performs well in this work with an AARD of 29.7%.
Table 2 shows the detailed comparisons among the weight-
based and volume-based power law mixing rules and weight-
based Cragoe’s mixing rule. The adjustable parameters in the
power law mixing rule are tuned for specific solvents rather
than for a certain heavy oil/bitumen as indicated in Table 3.
Overall, the weight-based Cragoe’s mixing rule is accurate with
an AARD of 32.6% except that it yields a larger AARD of up to
80.0% for methane−heavy oil/bitumens mixtures. Both the
volume-based and weight-based power law mixing rules are
much better than the weight-based Cragoe’s mixing rule,
whereas they are weaker than the weight-based Cragoe’s
mixing rule with respect to model generalization due to the
tunable parameter. The volume-based power law mixing rule is
better than the weight-based one, illustrating that effective
density of dissolved gases should be used not only for density
prediction but also for viscosity prediction for solvents−heavy
oil/bitumen mixtures. In the subsequent section, the volume-
based power law mixing rule is used to calculate the viscosity
for a solvents−heavy oil/bitumen−water mixture to examine
effects of solvents and water under different conditions.
As shown in Figure 1, overall, the adjustable parameter n for
weight-based and volume-based power law mixing rules are in
the range of −0.4 to −0.2 and −0.2 to −0.1, respectively. A
constant value for n can be used for a specific solvent as they
are not varied significantly from heavy oil/bitumen to heavy
oil/bitumen. In this study, the average value of the parameter n
for a specific solvent is recommended when no viscosity data
are available to tune it. The parameter n is calculated to be
Figure 2. (a) Viscosities with temperature for Surmont bitumen with
dissolution of 20 mol % different solvents at 4 MPa; (b) solvent
solubility (i.e., the solvent molar fraction in a solvents−heavy oil/
bitumen mixture) in Surmont bitumen with temperature at 4 MPa;
and (c) viscosities with temperature for Surmont bitumen at 4 MPa in
real case. It should be noted that, in Figure 2a, 20 mol % solvent may
not be valid in real cases as it is an imaginary value for comparison
among solvents when solubility is not considered.
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−0.333, −0.268, −0.277, −0.287, and −0.209, respectively, for
methane, ethane, propane, n-butane, and CO2 associated with
the weight-based power law mixing rule, while it is calculated
to be −0.188, −0.116, −0.135, −0.158, and −0.194,
respectively, for the volume-based power law mixing rule.
4.2. Effect of Solvents. Comparisons are conducted
among the effects of different solvents on diluting heavy oil/
bitumen. As shown in Figure 2a, overall, when 20 mol %
solvent is dissolved in the Surmont bitumen at 4 MPa, a
heavier solvent leads to a lower viscosity for solvent−bitumen
mixtures. Water is found to have a weaker ability than the
other solvents to dilute the bitumen, while the difference is
decreased with temperature. At high temperatures, water is
found to outperform methane in diluting bitumen without
consideration of solubility. It should be noted that, in Figure
2a, 20 mol % solvent may not be valid in the real case19,31,32 as
it is an arbitrary value for comparison among solvents when
solubility is not considered. Experimentally, asphaltene
precipitation has not been identified in these cases due to
the small amount of the dissolved solvent in the heavy oils/
bitumens (e.g., the weight fractions of methane, ethane, and
propane are only measured to be 0.0074, 0.0137, and 0.0200,
respectively).32,48 As such, the mixture of solvent(s)−heavy
oil/bitumen is in a state of steady single liquid phase. As shown
in Figure 2b, all the solvents show a decreasing solubility in
bitumen with temperature, while a heavier solvent exhibits a
higher solubility. Contrary to such solvents, water is found to
show an obvious increasing solubility with respect to an
increase in temperature. Thus, in real cases, the viscosity of a
bitumen−water mixture can be lower than those of methane−
bitumen and CO2−bitumen mixtures at high temperatures
(see Figure 2c). It is expected that the viscosity of a bitumen−
water mixture can be even lower than that of an n-
pentane−bitumen mixture at extremely high temperatures. A
heavier solvent has a higher diluting ability in the same amount
of dissolution, and it also has a higher solubility in bitumen. As
such, the bitumen diluted with a heavier solvent exhibits a
lower viscosity under the same conditions. Note that the
viscosity of the solvents−bitumen mixture may show an
increasing trend with temperature under certain conditions
due to the fact its solubility is decreased with temperature (see
Figure 2c). In addition, all of the calculation procedures for the
contents in Figure 2c have been validated with literature data
in Section 4.1. Physically, effects of different solvents in
diluting heavy oil/bitumen can be compared by performing
experiments at high temperatures with consideration of solvent
solubility.19,31,32 The scientific findings from this study are
consistent with those documented elsewhere.19,32
Table 4. Calculated Viscosities of Methane−Mackay River Bitumen−Water Systems with Water Molar Fraction in Feeda
viscosity, mPa·s
molar fraction of water in feed
temperature, K system pressure, MPa 0.00 0.02 0.04 0.06 0.08 0.12 0.16 0.50
373.15 1.69 189.7 187.2 185.8 184.0 184.0 184.0 184.0 184.0
2.48 175.9 172.3 169.9 169.6 169.6 169.6 169.6 169.6
3.17 157.3 154.2 151.3 151.3 151.3 151.3 151.3 151.3
4.41 135.3 133.8 129.5 129.5 129.5 129.5 129.5 129.5
423.15 1.17 24.7 24.6 24.5 24.4 24.3 24.2 24.0 23.3
1.93 23.7 23.5 23.4 23.3 23.2 22.9 22.7 22.2
2.66 22.7 22.5 22.3 22.1 22.0 21.6 21.3 21.2
3.93 21.2 20.9 20.6 20.4 20.1 19.6 19.6 19.6
463.15 1.86 9.2 9.2 9.1 9.1 9.0 9.0 8.9 8.3
2.69 8.9 8.9 8.8 8.7 8.7 8.6 8.5 8.0
3.72 8.5 8.5 8.4 8.3 8.3 8.1 8.0 7.6
4.76 8.3 8.3 8.2 8.1 8.0 7.9 7.7 7.3
aThe italic and bold fonts represent ALV equilibria, and the regular fonts denote LV equilibria.
Table 5. Calculated Viscosities of Propane−Mackay River Bitumen−Water Systems with Water Molar Fraction in Feeda
viscosity, mPa·s
molar fraction of water in feed
temperature, K system pressure, MPa 0.00 0.02 0.04 0.06 0.08 0.12 0.16 0.50
373.15 1.17 77.8 78.6 79.4 80.4 81.5 81.5 81.5 81.5
2.14 32.2 33.3 33.4 33.6 33.6 33.6 33.6 33.6
3.17 5.6 5.8 6.0 6.0 6.0 6.0 6.0 6.0
4.21 1.7 1.8 1.9 1.9 1.9 1.9 1.9 1.9
423.15 1.24 15.4 15.5 15.6 15.7 15.9 16.1 16.3 17.4
2.14 11.4 11.5 11.5 11.7 11.8 12.0 12.2 12.4
3.31 7.3 7.3 7.4 7.4 7.5 7.7 7.7 7.7
4.21 4.9 4.9 4.9 5.0 5.1 5.1 5.1 5.1
463.15 1.69 6.3 6.4 6.4 6.4 6.4 6.5 6.6 7.5
2.52 5.1 5.1 5.1 5.2 5.2 5.3 5.4 6.0
3.41 4.1 4.1 4.2 4.2 4.2 4.3 4.4 4.8
4.38 3.2 3.2 3.2 3.2 3.3 3.4 3.4 3.6
aThe italic and bold fonts represent ALV equilibria, and the regular fonts denote LV equilibria.
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4.3. Effect of Water. As shown in Table 4, the viscosities
of methane−Mackay River bitumen−water mixtures (see the
column with 0.50 as the water molar fraction in feed) are lower
than those of methane−Mackay River bitumen mixtures (see
the column with 0.00 as the water molar fraction in feed),
though the addition of water reduces the methane solubility in
bitumen.38 This is because the water itself has a high ability to
dilute bitumen without consideration of solubility and also it
has high solubility at high temperatures. It is found that, at a
given temperature and pressure, the viscosity of methane−
bitumen mixture is decreased with water molar fraction in feed
at LV equilibria (see the regular fonts in Table 4) but keeps
unchanged at ALV equilibria (see the italic and bold fonts in
Table 4). This is because at LV equilibria and with an
increasing water molar fraction in feed, more water is dissolved
into bitumen to dilute it as its partial pressure is also increased.
At ALV equilibria, the water molar fraction in feed exerts no
effects on the phase equilibria, and thus it does not impose an
impact on the mixture viscosity.38
As shown in Table 5, the viscosities of propane−Mackay
River bitumen−water mixtures (see the column with 0.50 as
the water molar fraction in feed) are higher than those of
propane−Mackay River bitumen mixtures (see the column
with 0.00 as the water molar fraction in feed). This is because
the addition of water can significantly reduce the propane
dissolution in bitumen and water has a lower ability to dilute
bitumen compared with propane without consideration of
solubility. At a given temperature and pressure, the viscosity of
propane−bitumen mixture is increased with water molar
fraction in feed at LV equilibria (see the regular fonts in
Table 5) but keeps unchanged at ALV equilibria (see the italic
and bold fonts in Table 5). This is because, at LV equilibria
and with an increasing water molar fraction in feed, less
propane is dissolved into bitumen to dilute it as its partial
pressure is also decreased. Similar to methane−bitumen
mixtures, at ALV equilibria, the water molar fraction in feed
exerts no effects on the phase equilibria, and thus it does not
impose an impact on the mixture viscosity.
As shown in Figure 3, the viscosity of n-pentane−Surmont
bitumen mixture overall exhibits a decreasing trend with
pressure at a given temperature, while more solvents are
dissolved into the bitumen with pressure. The decrease of
viscosity becomes slower with pressure at LV equilibria. The
decreasing trend of the mixture viscosity is steeper at ALV
equilibria than at LV equilibria due to the fact n-pentane
dissolution in bitumen is quicker with pressure at ALV
equilibria than at LV equilibria.38 The mixture viscosity is
increased with pressure in a single liquid phase (i.e., L phase),
while this pattern is also observed for pure heavy oils.20 The
mixture viscosity is increased with water molar fraction in feed
at LV equilibria under the same temperatures and pressures.
This is because the addition of water reduces the n-pentane
dissolution in bitumen significantly at LV equilibria, while
water has a lower capacity to dilute bitumen than n-pentane
without consideration of solubility. At ALV equilibria,
however, the water molar fraction in feed exerts no effects
on the phase equilibria, and thus it does not impose an impact
on the mixture viscosity (see Figure 3a). Although the viscosity
decreasing pattern is varied with water molar fraction in feed,
different feeds can achieve viscosities close to each other at a
certain point.
5. CONCLUSIONS
In this study, a new and pragmatic technique has been
developed to accurately quantify the viscosity for light
solvents−heavy oil/bitumen−water systems as a function of
pressure in a temperature range of 287.9−463.4 K by using the
PR EOS together with modified alpha functions and BIP
correlations as well as newly developed mixing rules. Effective
density for dissolved gas is for the first time successfully
introduced into the volume-based viscosity mixing rules, while
effects of solvents especially water on the mixture viscosity
under different conditions are examined. Detailed findings are
summarized as follows:
Figure 3. Viscosities of three different feeds (xb:xs = 1:3 in molar
fraction, while solvent used is n-pentane) at temperatures of (a) 373,
(b) 473, and (c) 523 K, respectively.
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(1) Among the six viscosity mixing rules for solvents−heavy
oil/bitumen mixtures examined in this study, the
volume-based power law takes the first place with an
AARD of 15.5%, the weight-based power law ranks the
second with an AARD of 19.0%, while the weight-based
Cragoe’s mixing rule takes the third place with an AARD
of 32.6%. It is found that the effective density rather than
real density of dissolved gas should be used for all of the
volume-based mixing rules. Overall, the adjustable
parameter n for weight-based and volume-based power
law mixing rule are in the range of −0.4 to −0.2 and
−0.2 to −0.1, respectively. The recommended parameter
n is found to be −0.333, −0.268, −0.277, −0.287, and
−0.209, respectively, for methane, ethane, propane, n-
butane, and CO2 for the weight-based power law, while
it takes −0.188, −0.116, −0.135, −0.158, and −0.194,
respectively, for the volume-based power law mixing
rule.
(2) It is found that a heavier solvent generally exhibits a
higher ability to dilute heavy oil/bitumen in the same
amount of solvent dissolution, while water can have a
similar ability at high temperatures. The ability of water
to dilute heavy oil/bitumen can outperform methane
and CO2 at higher temperatures due to its much higher
dissolution.
(3) Addition of water can either reduce or enhance the
viscosity of a solvents−heavy oil/bitumen mixture,
depending on the ability of solvent and water to dilute
heavy oil/bitumen without consideration of solubility
and effects of water on the solvent dissolution. Water
molar fraction in feed can exert an effect on the mixture
viscosity at LV equilibria through influencing the solvent
dissolution, but it cannot impose an impact on the
mixture viscosity at ALV equilibria. The mixture
viscosity decreases more quickly at ALV equilibria than
at LV equilibria with pressure because the solvent
dissolution is quicker at ALV equilibria.
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■ NOTATIONS
a = attraction parameter in PR EOS
ai = attraction parameter of component i
aj = attraction parameter of component j
b = van der Waals volume, m3/kmol
bi = van der Waals volume of component i, m
3/kmol
BIPsolvent−HO = BIP between solvent and heavy oil/bitumen
N = number of measured data points
n = adjustable parameter in the power law mixing rule
P = pressure, MPa
Pc = critical pressure, MPa
Pr = reduced pressure
R = universal gas constant, 8.314 J/(mol·K)
T = temperature, K
Tc = critical temperature, K
Tr = reduced temperature
Trw = reduced temperature of water
V = molar volume, m3/kmol
ws = solvent weight fraction
wb = heavy oil/bitumen weight fraction
wwater = water weight fraction
xs = solvent molar fraction
xHC = molar fraction of diluted heavy oil/bitumen in oleic
phase of a solvents−heavy oil/bitumen−water system
xw = molar fraction of water in oleic phase of a solvents−
heavy oil/bitumen−water system
yi = mole fraction of the ith component in the mixture
yj = mole fraction of the jth component in the mixture
■ ABBREVIATIONS
AARD = absolute average relative deviation
■ GREEK LETTERS
α = α function in PR EOS
αH2O = α function for water in PR EOS
δij = BIP between the ith and jth component in the mixture
ω = acentric factor
μs = dynamic viscosity of solvent, mPa·s
μb = dynamic viscosity of heavy oil/bitumen, mPa·s
μi
cal = ith calculated oleic phase viscosity, mPa·s
μi
exp = ith measured oleic phase viscosity, mPa·s
μm = viscosity of mixture, mPa·s
μHC = viscosity of diluted heavy oil/bitumen in oleic phase
of a solvents−heavy oil/bitumen−water system, mPa·s
μw = viscosity of water, mPa·s
φs = solvent volume fraction under ambient conditions
φb = heavy oil/bitumen volume fraction under ambient
conditions
νs = kinematic viscosity of solvent, m
2/s
νb = kinematic viscosity of heavy oil/bitumen, m
2/s
νm = kinematic viscosity of solvents−heavy oil/bitumen
mixtures, m2/s
ηs = intermediate quantity for solvent in Lobe’s mixing rule
ηb = intermediate quantity for heavy oil/bitumen in Lobe’s
mixing rule
θ = adjustable parameter in Shu’s mixing rule which is in the
range of 0 to 1
ρb = heavy oil/bitumen density, kg/m
3
ρs = solvent density, kg/m
3
ρs
eff = effective density of dissolved gas, kg/m3
ρb
eff = effective density of heavy oil/bitumen, kg/m3
ρwater
eff = effective density of water, kg/m3
ρCO2
eff = effective density of CO2, kg/m
3
ρm = density of the liquid mixture, kg/m
3
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